However,durabilityof thick thermal bamercoatingsundersevere temperature cycling conditions remainsa majorquestion. It is knownthattwo typesof thermalfatiguetransients exist in a diesel engine[1-31. Thefirst type of transient,which is associated with the start/stopand no-load/fullloadenginecycle,generates thermallow cyclefatigue(LCF) in the coatingsystem.The second transienttype,which is associated with the in-cylindercombustionprocess, generates a thermal high cycle fatigue(HCF) with typicalfrequencyon the orderof 10 Hz (i.e., 1000-2600RPM). The HCF transientcan induce a temperaturefluctuation of more than 200°C that will superimpose onto the steady-state enginetemperature atthe coatingsurface 12' 3]. Therefore, the failuremechanisms of thethick thermal barriercoatingsareexpected tobe differentfrom the thin coatingsunder thesetemperature transients. The coatingfailure is relatednot only to coating thermalexpansion mismatchandoxidationof the bond coatsand substrates [4] [5] [6] ,but alsoto the steepthermalstressgradientsinducedin the coatingsystems [2, 4, [6] [7] [8] [9] [10] 
For the purpose of demonstration, the modeling for the creep strain and stress calculations in this paper, has been assumed a coating modulus value representing of the as-processed coating. The significant change in coating modulus that may be experienced during service will be addressed in future publications by the present authors [17]. Fig. 7 the ceramic coating and bond coat is also minimized at the low temperatures even in non-graded coatings. Therefore, the LCF mechanism in the thick thermal barrier coatings is closely associated with the coating sintering and creep at high temperature.
These creep strains in the ceramic coating will lead to a tensile stress state during cooling, thus providing the major driving force for the crack growth under LCF conditions. On the other hand, the HCF is closely associated with the cyclic stresses originating from the high frequency temperature fluctuation at the ceramic coating surface. The HCF thermal loads act on the crack by a wedging mechanism I12] , resulting in the continuous crack growth at temperature. As shown in Fig. 9 The HCF stress intensity factor amplitude as a function of normalized crack length. (a)
The influence of interaction depth on the HCF stress intensity factor amplitude; (b) The influence of temperature swing on the HCF stress intensity factor amplitude.
The LCF/HCF interactions are expected to be complex. As illustrated in Fig. 10 intensity factor amplitudes are expected to vary with these parameters, as will be discussed in the Appendix. Fig. 11 shows examples of the LCF stress distributions after cooling in the coating system. It can be seen that in general, the tensile stresses in the coating are highest at the surface, and increase with cycle time. Fig. 12 
where m, Cl and C2 are constants, NHC F is the characteristic HCF number, AK_c r and AKu4cF are stress intensity factor amplitudes of the crack under LCF and HCF loads, respectively. The stress intensity factor amplitudes are functions of crack geometry, crack length, stress magnitudes and distributions. It can be seen from Equation (A1) that the crack propagation rate depends not only on coating properties, but also on LCF and HCF parameters which define stress states and fatigue mechanisms.
The Low Cycle Fatigue Stress Intensity Factor Amplitude
The mode I stress intensity factor amplitude for LCF crack growth can be generally
where Y is a geometry factor related to the crack configuration, for a surface crack, Y = 1.1215.
crth and trLCF are the thermal stress at temperature and LCF stress during cooling in the coating.
Thecompressive thermalstress will relax extensivelywith time,especiallynearthe surfacehigh stressandtemperature region [12, 13] . In contrast, thetensileLCF stress, which is associated with the time dependent, non-elasticstrainsin the ceramiccoatingat temperature, will increasewith time. To a first approximation, the LCF stressunder the assumedbiaxial stressconditionafter coolingcanbe writtenas
where gp(tYth,T,t ) is the total accumulated creep strain in the ceramic coating, as has been described previously by Equation (2). The bond coat and metal substrate creep is not considered because of the low temperatures at the interfaces during the thermal fatigue testing. Examples of LCF stresses as a function of time and coating depth for a coating system has been illustrated in Fig. 11 . Assuming that the crack does not grow under the compressive thermal stress trth, the stress intensity will depend primarily on tr/_cr and the crack length a(i). Therefore, the LCF crack growth rate will increase with time, because the LCF stress level and the crack length increase with time.
The estimation of the stress intensity factor amplitude associated with the LCF process is 
where h is the coating thickness, 2 is a fitting parameter, u is the singularity exponent depending on the elastic mismatch that is the root to the equation 
High Cycle Fatigue Stress Intensity Factor Amplitude
The high cycle fatigue is associated with the cyclic stresses resulting from the high frequency temperature fluctuation at the ceramic coating surface. This wedging process provides an intrinsic mechanism for the HCF phenomenon.
Since the minimum HCF stress intensity factor equals zero, the net mode I stress intensity amplitude for this case can be expressed as If2, 20] and
where P is a concentrated load per unit thickness acting on the crack, bi is the load acting distance from the surface which is taken as laser interaction depth in the present study. Note that the interface singularity coefficient is also incorporated into Equation (7a). trnc F is the HCF stress, a(i) is the crack length at the ith cycle, fHCF(i) is a geometry factor, which can be related to the crack length a(i) and the interaction depth bi in the following form [201 Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for revrewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information, Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, 
